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Abstract 

 Cysteine sulfonic acid (Cys-SO3H; cysteic acid) is an oxidative post-translational 
modification of cysteine, resulting from further oxidation from cysteine sulfinic acid (Cys-
SO2H). Cysteine sulfonic acid is considered an irreversible post-translational modification, 
which serves as a biomarker of oxidative stress that has resulted in oxidative damage to proteins. 
Cysteine sulfonic acid is anionic, as a sulfonate (Cys-SO3

–; cysteate), in the ionization state that 
is almost exclusively present at physiological pH (pKa ~ –2). In order to understand protein 
structural changes that can occur upon oxidation to cysteine sulfonic acid, we analyzed its 
conformational preferences, using experimental methods, bioinformatics, and DFT-based 
computational analysis. Cysteine sulfonic acid was incorporated into model peptides for α-helix 
and polyproline II helix (PPII). Within peptides, oxidation of cysteine to the sulfonic acid 
proceeds rapidly and efficiently at room temperature in solution with methyltrioxorhenium 
(MeReO3) and H2O2.  Peptides containing cysteine sulfonic acid were also generated on solid 
phase using trityl-protected cysteine and oxidation with MeReO3 and H2O2. Using 
methoxybenzyl (Mob)-protected cysteine, solid-phase oxidation with MeReO3 and H2O2 
generated the Mob sulfone precursor to Cys-SO2

– within fully synthesized peptides. These two 
solid-phase methods allow the synthesis of peptides containing either Cys-SO3

– or Cys-SO2
– in a 

practical manner, with no solution-phase synthesis required. Cys-SO3
– had low PPII propensity 

for PPII propagation, despite promoting a relatively compact conformation in φ. In contrast, in a 
PPII initiation model system, Cys-SO3

– promoted PPII relative to neutral Cys, with PPII 
initiation similar to Cys thiolate but less than Cys-SO2

– or Ala. In an α-helix model system, Cys-
SO3

– promoted α-helix near the N-terminus, due to favorable helix dipole interactions and 
favorable α-helix capping via a sulfonate-amide side chain-main chain hydrogen bond. Across 
all peptides, the sulfonate side chain was significantly less ordered than that of the sulfinate. 
Analysis of Cys-SO3

– in the PDB revealed a very strong propensity for local (i/i or i/i+1) side 
chain-main chain sulfonate-amide hydrogen bonds for Cys-SO3

–, with > 80% of Cys-SO3
– 

residues exhibiting these interactions. DFT calculations conducted to explore these 
conformational preferences indicated that side chain-main chain hydrogen bonds of the sulfonate 
with the intraresidue amide and/or with the i+1 amide were favorable. However, hydrogen bonds 
to water or to amides, as well as interactions with oxophilic metals, were weaker for the 
sulfonate than the sulfinate, due to lower charge density on the oxygens in the sulfonate.  
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Introduction 

 Cysteine oxidation renders cysteine a chemical chameleon, fundamentally changing its 

chemical nature through a rich array of oxidation and ionization states (Figure 1).1-5 While 

cysteine as a thiolate (Cys-S–) is a particularly strong nucleophile, cysteine sulfenic acid (Cys-

SOH) is an exceptional electrophile. Cysteine residues are also modified to glutathionylated 

disulfides (glutathionylation), structural disulfides, S-nitrosyl (S–NO, S-nitrosylation), S-

sulhydryl (persulfide, S–SH), polysulfide, S-acyl, and thioether forms, with the S-nitrosyl form 

particularly prone to generation of thiyl radicals (Cys-S•; Cys-S–NO bond dissociation energy ~ 

32 kcal mol–1).6 Cysteine sulfenic acid is transient and particularly susceptible to reaction as an 

electrophile with thiolates to generate disulfides, while the sulfenate (Cys-SO–) ionization state 

can react as a nucleophile with oxidants (e.g. H2O2 or HOCl) to generate the sulfinic acid. In 

contrast to the disulfides and to sulfenic acid forms, the sulfinic acid oxidation state (Cys-SO2H; 

the predominant form at physiological pH is the sulfinate, Cys-SO2
–) is unreactive with thiols or 

thiolates. Oxidation to cysteine sulfinic acid is reversible, however, via ATP-dependent reduction 

by sulfiredoxin.7,8 Sulfiredoxin was recently demonstrated to be critical to the redox regulation of 

numerous human proteins, indicating that the sulfinate oxidation state is commonly generated, 

particularly under conditions of oxidative stress.9 

 Further oxidation of the sulfinate leads to the sulfonic acid (Cys-SO3H, also called cysteic 

acid), a post-translational modification called S-sulfonylation. No enzyme is known to reduce 

cysteine sulfonic acid within proteins. As such, cysteine sulfonic acid is considered a biomarker 

of irreversible protein oxidative damage.10,11 Cysteine sulfonic acid exists essentially exclusively 

in the sulfonate ionization state (Cys-SO3
–, also called the cysteate) at physiological pH (pKa ~ –

2). Thus cysteine oxidation to the sulfonate results in the conversion of a mostly nonpolar, 
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neutral species (thiol) into a polar, sterically demanding anion (Figure 1c).  

 Cysteine sulfonic acid has been observed in proteins in numerous contexts. For example, 

in human zinc-copper superoxide dismutase (SOD1), a protein that is protective against 

oxidative damage and that is misfolded and/or aggregated in neurodegenerative disorders, 

including in the Lewy bodies present in amyotrophic lateral sclerosis (ALS), Cys111 is observed 

to be oxidized to the sulfonic acid in disease and aggregation models.12-15 Cysteine sulfonic acid 

has also been observed or implicated in models of heart disease and diabetes,16-18 in reperfusion 

after myocardial ischemia,11 in voltage-dependent anion channel isoforms in the outer 

mitochondrial membrane,19,20 in loss of function and aggregation of peroxiredoxins,21-24 in 

inactivation phosphorylation-dependent prolyl isomerase Pin1 that is protective against 

Alzheimer's disease,25 and in inactivation of matrix metalloprotease-7 (MMP-7) and alcohol 

dehydrogenase,26 among other targets identified via mass spectrometry-based proteomics.27-35  

 We previously examined the conformational preferences of cysteine sulfinic acid.36 The 

cysteine sulfinate is a particularly electron-rich side chain, as an overall anion which also has a 

lone pair on sulfur. Cysteine sulfinate exhibited especially favorable interactions with the protein 

backbone, both through its oxygens and via the sulfur lone pair (e.g. as a hydrogen bond between 

a lone pair and a backbone amide hydrogen, or as an n→π* interaction between a lone pair and 

the backbone carbonyl). Due to the lengths of bonds to sulfur and the presence of multiple 

electron donors, cysteine sulfinate has the unique ability (compared to encoded amino acids, 

such as the superficially similar Asp) to exhibit simultaneous hydrogen bonds to both the 

intraresidue amide H and the amide H of the subsequent residue. 

 Notably, cysteine sulfonic acid lacks a lone pair on sulfur, in contrast to all other 

oxidation states of cysteine, causing it to be non-nucleophilic and non-Lewis basic on sulfur. 
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Cysteine sulfonate is also quite sterically demanding, comparable in size to neopentylglycine 

(Npg) (Figure 1d). Electronically, the sulfonate has three Lewis-basic oxygen atoms capable of 

hydrogen bonding to solvent and/or to hydrogen-bond donor groups in proteins.37 Oxygen is also 

distinct from sulfur in its metal-binding preferences, such that oxidation of cysteine to the 

sulfonate leads to a change from a preference for soft metals (for sulfur ligands) to a greater 

preference for binding more oxophilic metals (for oxygen ligands), with the sulfonate binding 

metals in either a monodentate or a bidentate manner. The cysteine thiol is also capable of 

favorable S–H/π interactions with the π face of aromatic rings.38 Collectively, these properties 

make the cysteine sulfonate dramatically distinct from cysteine thiol or thiolate. As such, 

oxidation of cysteine in a protein to the sulfonic acid could have significant consequences due to 

changes in sterics, electrostatics, conformational preferences, and/or metal binding at the side 

chain. Indeed, oxidation of the active-site cysteine of the tyrosine phosphatase PTP1B causes 

structural charges and induction of disorder, resulting in the specific targeting of the Cys-

sulfonated form of this protein for degradation via the E3 ubiquitin ligase Cullin1.39 Herein, we 

examine the inherent conformational preferences of cysteine sulfonate, via biophysical analysis 

in model peptides, bioinformatics analysis of the PDB, and computational chemistry approaches. 

In order to conduct this analysis, we also develop novel approaches to the oxoform-specific 

synthesis of peptides with cysteine sulfonate. 

  

Results 

 Synthesis of peptides containing cysteine sulfonic acid. As cysteine sulfonic acid is the 

terminal oxidation state of cysteine, the standard approaches to its synthesis involve the use of 

strongly oxidizing conditions (e.g. concentrated H2O2, NaOCl, peroxynitrite, or H2O2 with formic 
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acid [generating performic acid]) on a peptide containing cysteine (Figure 2).40-42 For example, 

polymers containing cysteine sulfonic acid, used as heparin mimics that have anti-coagulation 

properties, were synthesized using a solution of 30% H2O2 to globally oxidize the cysteine 

residues.43 However, these approaches typically generate multiple oxidation products (Figure 2a), 

with the additional complication that the sulfinate and sulfonate are both anionic and only differ 

by a single oxygen atom, posing challenges both in yield and purification of a single cysteine 

oxoform.  

 For example, in our work to understand the structural effects of cysteine oxidation to the 

sulfinic acid and to develop fluorescent sensors of the oxidation to the sulfinate,36,44,45 we 

observed that subjection of a peptide containing cysteine to oxidation with any of H2O2, NaOCl, 

or peroxynitrite yielded a mixture of products in various cysteine oxidation states, with the major 

product (usually the sulfinic acid, but the results were dependent on the local peptide sequence) 

typically obtained in less than 50% yield. In peptides that lack oxidation-sensitive functional 

groups, iron-oxo chemistry (generated in situ from Fe(II) and H2O2) has been employed in 

superstoichiometric quantities to generate the cysteine sulfonate (Figure 2d),46 but this chemistry 

is potentially limiting in more complex peptides. Other recent methods for this transformation 

include the use of iron nanoparticles in refluxing MeCN or refluxing EtOH,47 or oxone or KBrO3 

for extended reaction times (48-72 h).48 All of these methods have substantial drawbacks, 

especially in the synthesis of larger peptides with a diverse array of functional groups. 

 Methyltrioxorhenium(VII) (MeReO3, MTO) is a versatile strong oxidant, which can be 

used in catalytic amounts, via catalyst regeneration with H2O2.49 MTO reacts with alkyl or aryl 

thiols or disulfides to generate the corresponding sulfonic acids at room temperature in high 

yields and short reaction times (10 min to 2 h) (Figure 2e).50-54 While MTO also reacts with 
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methionine and unprotected tryptophan,55 the sulfoxide of the former can be readily reduced back 

to methionine, and the latter could potentially have oxidation prevented by protection of the 

indole nitrogen. We previously used MTO to synthesize peptides with the sulfonic acid of 

phenylalanine, via either 4-mercaptophenylalanine or its disulfide (Figure 2f).53 The fast, high-

yielding nature of this reaction encouraged us to explore the use of MTO for oxidation of 

cysteine to cysteine sulfonic acid within peptides. 

 We examined both solution-phase and solid-phase oxidation for the synthesis of peptides 

with cysteine sulfonic acid, with initial experiments conducted via solution-phase oxidation. A 

peptide was synthesized with Cys in the guest position (X) of a model peptide context (Ac-

GPPXPPGY-NH2). Peptides from this series have previously been used to determine the 

propensities of all encoded amino amino acids for polyproline II helix (PPII), as well the effects 

post-translationally modifications and unnatural amino acids on PPII stability.36,56-60 After 

purification, the peptide Ac-GPPCPPGY-NH2 was then subjected to oxidation with MTO/H2O2 

(Figure 3). This reaction cleanly and rapidly generated the peptide containing cysteine sulfonic 

acid, with high conversion and with no evidence of tyrosine oxidation (by MS or NMR).  

 To confirm the generality of this synthetic approach, we also examined the solution-

phase oxidation of a Baldwin-type model Ala/Lys-rich peptide.61 Peptides of this sequence have 

previously been employed to determine the α-helix propensities of all encoded amino acids, as 

well as those of post-translationally modified amino acids.36,59,60,62-64 Oxidation with MTO/H2O2 

proceeded cleanly to convert the cysteine thiol to the sulfonic acid (Figure 4). To our knowledge, 

these are the first examples of the synthesis of peptides containing cysteine sulfonic acid using 

MTO/H2O2. 

 While this solution-phase oxidation method is convenient for the synthesis of peptides 
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with cysteine sulfonic acid, it requires the initial purification of the peptide with cysteine, 

subsequent oxidation, and finally the purification of the peptide with cysteine sulfonic acid. We 

sought to develop an alternative approach that would allow the direct synthesis of peptides with 

cysteine sulfonic acid, without the intermediate need to isolate the unoxidized peptide. 

Therefore, we also explored a solid-phase peptide modification strategy.53,65,66 We reasoned that 

oxidation of cysteine to the sulfonic acid could be effected readily on the solid phase using the 

trityl cysteine protecting group, which is the standard protecting group for cysteine in Fmoc 

solid-phase peptide synthesis.67 A model peptide for the initiation of PPII helix (Ac-XPPGY-

NH2, X = Cys), with cysteine trityl-protected, was subjected to selective trityl deprotection with 

1% TFA, followed by solid-phase oxidation using MTO/H2O2 (Figure 5). The resultant peptide 

was subjected to standard cleavage/deprotection and HPLC purification, which indicated that the 

peptide with cysteine sulfonic acid was the predominant species (Figure 5b). To further test this 

solid-phase cysteine oxidation method, the Baldwin-type α-helical model peptide with cysteine 

at residue 2 was subjected to solid-phase Cys deprotection and oxidation, followed by resin 

cleavage/side-chain deprotection and HPLC analysis (Figure 6). The resultant peptide had an 

HPLC chromatogram similar (other than retention times, due to the polarity differences at the 

cysteine side chain) to that of the same peptide that was not subjected to oxidation. These results 

indicate that the solid-phase oxidation method proceeds with high yield and specific conversion 

of cysteine directly to its sulfonic acid on solid phase.  

 Finally, we sought to compare the conformational preferences of cysteine sulfonic acid 

and cysteine sulfinic acid. We previously developed a method for the high-yield synthesis of 

peptides containing cysteine sulfinic acid using the commercially available methoxybenzyl 

(Mob)-protected Fmoc-cysteine.44 In that work, the protected amino acid was oxidized in 
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solution to the sulfone, and then incorporated into peptides via standard solid-phase peptide 

synthesis. After resin cleavage and side chain deprotection, the peptide containing the cysteine 

Mob sulfone was then purified and subjected to strong-acid-mediated Mob deprotection. In 

conceiving of how to conduct this sequence more efficiently, we reasoned that oxidation of Mob-

protected cysteine could also be conducted on a fully synthesized peptide on solid phase, 

removing the necessity for solution-phase synthesis and for purification of the Fmoc-protected 

cysteine Mob sulfone. Therefore, we synthesized a version of the Baldwin α-helical model 

peptide with Mob-protected cysteine at residue 2 (Figure 7). This peptide was then subjected to 

oxidization on solid phase with MTO/H2O2, which effectively oxidizes thioethers to sulfones.55 

Cleavage from resin and general side-chain deprotection yielded a peptide with the sulfone of 

Mob-protected cysteine (Figure 7a). Finally, subjection of this peptide to strong-acid Mob 

deprotection cleanly generated the peptide with cysteine sulfinic acid (Figure 7b). This approach 

represents an alternative, highly practical manner to generate peptides with cysteine sulfinic acid, 

using commercially available amino acids with no requirement for solution-phase small-

molecule synthesis or purification of the Fmoc amino acids. 

 Analysis of the conformational preferences of cysteine sulfonic acid within model 

peptides. These peptides were then examined via circular dichroism (CD) and NMR 

spectroscopies to understand the conformational preferences of cysteine sulfonate, in comparison 

to cysteine thiol, cysteine thiolate, and cysteine sulfinate. Within the context of a model peptide 

for polyproline II helix, cysteine sulfonate exhibited low PPII propensity (Figure 8, Table 1), as 

determined by the CD via the mean residue ellipticity of the positive band with a maximum at ~ 

228 nm.68 Cysteine inherently exhibits very low PPII propensity.56,69 The PPII propensity of 

cysteine sulfonate was somewhat greater than that of cysteine in either ionization state, but was 
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lower than that of the cysteine sulfinate. Interestingly, despite the low PPII propensity of the 

sulfonate by CD, NMR analysis of the peptide indicated that it has a small 3JαN, indicating a 

more compact conformation in φ that is globally consistent with higher PPII population (Table 

2).56,57,70-73 These data suggested the possibility that cysteine sulfonate might have different 

propensities for PPII initiation versus PPII propagation. PPII is promoted by n→π* interactions 

between consecutive carbonyls.74-76 As such, an intraresidue sulfonate-amide hydrogen bond 

might be expected to increase PPII by making the conjugated Pro–1 carbonyl a better electron-

donor for n→π* interactions between consecutive carbonyls (i.e. between the Pro–1 carbonyl 

and the Cys-SO3
– carbonyl), thus promoting PPII in cysteine sulfonate and the subsequent 

proline.57,73-75,77 However, this same interaction, by increasing the electron density at that Pro–1 

carbonyl, would make that carbonyl a weaker electron acceptor for n→π* interactions from the 

prior carbonyl, and thus reduce PPII population at the prior residues.63 Therefore, the sulfonate-

amide hydrogen bond was expected to promote the initiation of PPII, but to have confounding 

effects on the propagation of PPII.  

 In order to test the ability of cysteine sulfonate as an initiator of PPII, we tested a new 

model system for PPII initiation, Ac-X-PPGY-NH2. Peptides with this context were synthesized, 

with X = Ala, Cys, Cys-SO2
–, and Cys-SO3

–. Peptides were analyzed by circular dichroism and 

NMR spectroscopy (Figure 9, Table 3, Table 4). The data indicated that both cysteine sulfinate 

and cysteine sulfonate substantially promoted PPII relative to neutral cysteine, in contrast to data 

in the PPII propagation propensity model peptide context. Notably, the cysteine thiolate also 

promoted PPII initiation. All anionic cysteine oxoforms examined exhibited higher PPII 

initiation propensities than neutral cysteine, with those PPII propensities approaching those of 

alanine, one of the best amino acids for PPII propensity.56,69,72  
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 The propensities of these cysteine oxoforms for α-helicity, when located near the N-

terminus of an α-helix, were similarly examined, via analysis of their CD and NMR spectra 

when incorporated at the second residue of the α-helix (Figure 10, Table 5, Table 6). These data 

indicate that cysteine sulfonate has a higher α-helix propensity here than neutral cysteine, and 

similar to that of the cysteine thiolate. However, cysteine sulfonate has a reduced α-helix 

propensity here than the cysteine sulfinate oxoform. Overall, these results are consistent with a 

favorable interaction of the anions with the α-helix macrodipole, resulting in stabilization similar 

to that observed previously for native (Asp–, Glu–, Cys-S–) and post-translationally modified 

(pSer2–, pThr2–, Cys-SO2
–) anionic side chains.36,62,63,78-80 As an additional possible stabilizing 

factor, side chain-main chain hydrogen bonding for anionic side chains in α-helical peptides can 

be identified by a downfield shift in that residue's amide hydrogen HN. Via this NMR criterion 

and the differences in the CD data, the sulfinate appears to significantly stabilize the α-helix via 

side chain-main chain hydrogen bonding, which functions as an α-helix N-cap.81 In contrast, the 

relatively larger 3JαN at Cys-SO3
– corroborates82 that the sulfonate is not directly promoting a 

compact conformation at this residue. Collectively, the data suggest that the interaction of the 

sulfonate anion with the δ+ of the helix macrodipole is the primary reason for the increased α-

helicity of Cys-SO3
– compared to neutral Cys.  

  Analysis of the NMR spectra of the cysteine oxoforms across all peptides (Figure 11, 

Figure 12, Table 2, Table 4, Table 6) indicated three key trends. First, proline-rich peptides with 

Cys-SO2
– and Cys-SO3

– exhibited smaller values of 3JαN at the Cys than in equivalent peptides 

with the Cys thiol, indicating that these oxidized anionic derivatives induce conformations that 

are more compact in φ than is observed for Cys thiol.82 The basic conditions (pH ≥ 8) required to 

generate the cysteine thiolate result in fast exchange of the amide protons, precluding similar 
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analysis of the 3JαN of cysteine thiolate. Second, the chemical shift of the amide hydrogen of the 

cysteine derivative globally was considerably more downfield in the sulfinate than in the 

sulfonate, which suggests inherently stronger side chain-main chain hydrogen bonds for the 

sulfinate than for the sulfonate. 

 Finally, the diasastereotopic β hydrogens of these cysteine oxoforms were examined 

(Figure 12, Table 2, Table 4, Table 6). In all peptides, the diastereotopic cysteine sulfinate Hβ 

were distinct (large Δδ) and substantially upfield of those in Cys. In contrast, the diastereotopic 

cysteine sulfonate Hβ were indistinguishable in all peptides, and in addition were substantially 

downfield of those in Cys. These data indicate that Cys-SO2
– exhibits a high degree of ordering 

in its side chain (χ1 and χ2 torsion angles), which puts the two Hβ in distinct (rather than 

conformationally averaged) chemical environments. In contrast, Cys-SO3
– exhibits greater 

conformational heterogeneity in its side chain, rendering those Hβ chemically equivalent. The 

Hβ chemical shift effects (upfield for Cys-SO2
–, downfield for Cys-SO3

–) are consistent with the 

electronic properties of the sulfur. In the sulfinate, the sulfur is more electron-rich, with a lone 

pair on the sulfur as part of an overall anion. However, in the sulfonate, the sulfur is relatively 

electron-poor, with no lone pair and with 3 highly electronegative oxygen atoms attached, 

rendering the sulfonate an electron-withdrawing group (despite the overall negative charge) that 

shifts the β hydrogens downfield.  

 Bioinformatics analysis of cysteine sulfonate in the PDB. In order to further understand 

how cysteine oxidation to the sulfonic acid could result in changes in protein structure, we 

conducted analysis of cysteine sulfonate residues in the PDB. The structures of cysteine 

sulfonate were compared with those of cysteine and cysteine sulfinate, in order to identify 

differences in the conformational preferences of the cysteine oxoforms. For cysteine residues, 
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only non-modified cysteine residues which were not in a disulfide bond were considered. The 

sulfonate and sulfinate ionization states are expected to predominate in crystal structures for 

these oxidized forms of cysteine. In contrast, for cysteine, either the thiol and thiolate forms may 

be present, and these were not differentiated in this analysis due to the difficulty in determining 

the presence of hydrogens on sulfur in protein crystal structures. Because of the relatively lower 

frequency of cysteine sulfinate and cysteine sulfonate in the PDB compared to native Cys, 

significantly lower resolution limits and higher % sequence identity were used for the oxidized 

forms of Cys, which is a caveat to the following analysis. In addition, the observed 

conformational preferences will be further biased by solvent accessibility and/or oxidative 

susceptibility of the cysteine residues, with the observed oxidized forms of cysteine inherently 

more solvent-exposed than those of unmodified cysteine. Active site cysteine residues are also in 

general more reactive to oxidants,5,12,83,84 and thus the data set on the oxidized cysteine residues 

has an additional bias toward active-site cysteines. 

 Keeping in mind these caveats, the Ramachandran plots of the cysteine oxoforms indicate 

(Figure 13, Table 7) that Cys-SO3
– exhibits a somewhat reduced likelihood to be present in β 

conformations compared to cysteine, with a concomitant increased likelihood of adopting PPII. 

α-Helix (αR) frequencies are similar. In addition, Cys-SO3
– is substantially more likely to be 

observed on the right side of the Ramachandran plot, with a special preference for the normally 

strongly disfavored classical γ and/or right-handed PPII conformation (PPIIR). The 

conformational preferences were further analyzed by examining the φ, ψ, and χ1 torsion angles 

individually (Figure 14, Table 8). These data reveal a substantial reduction in extended 

conformations in φ and a substantial increase both in φ ~ –70˚, in φ > 0˚, and in ψ < –80˚. Similar 

trends were observed in Cys-SO2
–. Finally, the sulfonate exhibited a significantly lower 
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frequency of conformations with the side chain in the χ1 = g– rotamer, with a resultant increase in 

frequency in the t rotamer. These χ1 preferences could potentially reflect steric effects due to the 

size of the sulfonate group. However, surprisingly, there was no reduction in population with the 

g+ rotamer, despite the largest steric effects being inherently present in the g+ rotamer,85-87 when 

the sulfonate is gauche to both the main-chain N and the main-chain carbonyl. This relatively 

high frequency of g+ rotamer despite potential steric clashes with the sulfonate is likely due to the 

possibilities for side chain-main chain hydrogen bonding with this rotamer (see below). 

 Representative structures from the PDB were analyzed individually (Figure 15). In 

particular, cysteine sulfonate was observed to frequently function as an α-helix capping motif, 

with the sulfonate side chain hydrogen bonding to the intraresidue amide or to adjacent amides 

(Figure 15a-d). Notably, this type of interaction can occur with multiple geometries, consistent 

with NMR data that suggested conformational heterogeneity at Cys-SO3
– within α-helical 

peptides. Side chain-main chain hydrogen bonds were also observed in turns (Figure 15e). In 

contrast, within β strands, side chain-main chain hydrogen bonds were often longer (weaker), 

and appear to directly compete with the hydrogen bonding patterns that stabilize β-sheets (Figure 

15f). Cysteine sulfonate was also observed as a central residue in γ-turns (Figure 16). Here, an 

intraresidue side chain-main chain sulfonate-amide hydrogen bond could potentially strengthen 

the Ci=O•••H–Ni+2 hydrogen bond of the γ-turn, with hydrogen bonding from the sulfonate to the 

intraresidue (i+1 residue) amide hydrogen increasing electron density on the Ci=O carbonyl. 

 The role of side chain-main chain hydrogen bonds or other noncovalent interactions was 

analyzed specifically in the PDB (Figure 17). The sulfonate was most likely to engage in a 

hydrogen bond with the intraresidue amide NH, with these hydrogen bonds observed in 58% of 

all Cys-SO3
– residues (Figure 17a). Hydrogen bonds with the amide NH of the subsequent 
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residue were also observed in 40% of residues, although these were in general weaker (longer 

distances) (Figure 17b). Moreover, hydrogen bonds were observed to both the i and i+1 amides 

in 16% of structures. Overall, local (i/i or i/i+1) side chain–main chain sulfonate–amide 

hydrogen bonds were observed in 81% of all structures of Cys-SO3
–. In addition, the sulfonate 

side chain was observed to commonly engage in longer-range hydrogen bonds with the side 

chains of residues near in space (for additional examples see ref. 37, who noted a special 

overrepresentation of Cys-SO3
– hydrogen bonds with Thr, Arg, and Gly residues, as well as the 

presence of ordered water molecules around the sulfonate).88 

 Potential n→π* interactions between an oxygen of the sulfonate side chain and the 

intraresidue carbonyl were also observed in 38% of the structures (Figure 17c), although 

relatively few structures had an O•••C=O distance < 3.0 Å that would be consistent with a strong 

intraresidue n→π* interaction. Finally, the presence of cysteine sulfonate at the central residue of 

a γ-turn (normal γ or inverse γ) was quantified based on the interresidue (i/i+2) carbonyl-amide 

hydrogen bond distances (Figure 17d), with one-quarter of all structures exhibiting the hydrogen 

bonding pattern of a γ-turn. Overall, compared with Cys-SO2
–,36 Cys-SO3

– exhibited a greater 

frequency of side chain-main chain hydrogen bonds with the same residue (i/i interactions) and 

with the subsequent residue (i/i+1), as well as a greater frequency of intraresidue n→π* 

interactions. The greater frequency of local interactions likely reflects in part the degeneracy in 

rotation about χ2 for Cys-SO3
–, which results in all three sulfonate oxygens being able to 

potentially interact locally. In contrast, for Cys-SO2
–, the χ2 rotamers are non-equivalent, as the 

sulfur lone pair of the sulfinate is distinct in interaction modes from the diastereotopic oxygens, 

as is observed, for example, in its strong preference for S:•••C=O n→π* interactions that are not 

possible with the sulfonate. 
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 Computational analysis of the conformational preferences and noncovalent interactions 

of cysteine sulfonate. The experimental and bioinformatics data on peptides and proteins with 

cysteine sulfonic acid suggested that sulfonate-amide side chain-main chain interactions 

significantly impact the conformational preferences of CysSO3
–, including favoring less common 

regions of the Ramachandran plot. To explore how interactions of the backbone with the 

sulfonate could impact the conformational preferences of CysSO3
–, we conducted computational 

investigations on the model molecule Ac-CysSO3
–-NHMe. Geometry optimization calculations 

were conducted by DFT methods (M06-2X functional, 6-311++G(2d,2p) basis set, in implicit 

water) on a series of combinations of φ, ψ, and χ1, in order to identify conformations that are 

favored, disfavored, and/or promote specific noncovalent interactions.89,90 From the final 

geometry-optimized structures, the energies were determined by the MP2 method with the 6-

311++G(2d,2p) basis set in implicit water.91 Note that the energies reflect both the 

conformational energies and the presence of intramolecular hydrogen bonds and other 

intramolecular noncovalent interactions, but do not include the energies of potential hydrogen 

bonds with solvent (or interactions with solvent that are lost due to intramolecular hydrogen 

bonds). As such, intramolecularly hydrogen-bonded structures inherently appear to be lower in 

energy by these methods, and all calculated energies need to be considered within this context. 

 Geometry optimization calculations indicated that multiple structures with intraresidue or 

interresidue side chain-main chain hydrogen bonds are favorable (Figure 18). These hydrogen-

bonded structures are observed in α-helical (αR/δ) or PPII conformations with g– or g+ rotamers 

(all with intraresidue hydrogen bonds); in β/extended, PPII, or PPIIR conformations with a t 

rotamer (each with an i/i+1 hydrogen bond); and in the inverse γ conformation with the g– 

rotamer. In addition, dual hydrogen bonds between different oxygens of the sulfonate and both 
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the intraresidue (i) and subsequent-residue (i+1) amides were observed in the cluster I 

conformation92,93 (φ,ψ = –104˚, –133˚) that is normally sparsely populated, but is an energy 

minimum for both Cys-SO3
–- and Cys-SO2

–.36 In addition, side chain-main chain n→π* 

interactions were observed with the sulfonate as an electron donor in the β, γ, and αL 

conformations. 

 Overall, the lowest energy conformation had the sulfonate in the sterically disfavored g+ 

rotamer in the αR/δ conformation. This conformation had an intraresidue hydrogen bond that was 

among the shortest hydrogen bonds observed. This conformation would be favorable both for 

nucleating α-helix formation (see also below) and for stabilizing type I or type II' β-turns. More 

broadly analyzing rotamer preferences as a function of main chain conformation, the t rotamer 

was associated with hydrogen bonds to the subsequent-residue amide hydrogen, and these 

hydrogen bonds were in general longer than hydrogen bonds to the intraresidue amide, consistent 

with bioinformatics data (Figure 17). The β conformation was also associated with longer 

hydrogen bonds, suggesting that side chain-main chain hydrogen bonds should disfavor the 

extended conformation. 

 In general, the conformational preferences identified via DFT calculations were 

consistent with the structures observed in the PDB representing inherent energy minima of 

cysteine sulfonate. In comparison with our prior analysis of the conformational preferences of 

cysteine sulfinic acid,36 however, the preferences of Cys-SO3
– appeared less distinct, with longer 

hydrogen bonds and longer n→π* interactions in the sulfonates than in the sulfinates. Therefore, 

we used the model compounds methyl sulfonate and methyl sulfinate to examine hydrogen bond 

strengths of sulfonates versus sulfinates, either to an amide or to water (Figure 19). Geometry 

optimization calculations followed by energy analysis indicated that the sulfinate exhibits closer 
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and stronger hydrogen bonds both to an amide and to water, compared to the sulfonate. These 

results are consistent with the significantly greater negative charge density on the oxygens of the 

sulfinate (formally –1/2) compared to the sulfonate (formally –1/3). These qualitative trends of 

charge density were confirmed by calculations using the CM5 method to determine partial 

charges on atoms, which indicated more δ– on the oxygens of the cysteine side chain in Ac-

CysSO2
–-NHMe (–0.57) than in Ac-CysSO3

–-NHMe (–0.50), as well as more δ+ on the sulfur in 

Ac-CysSO3
–-NHMe (+0.48) than Ac-CysSO2

–-NHMe (+0.21) (Figure 19c). These calculations 

thus indicate greater anionic charge density on the oxygens in the sulfinate, and a greater 

electron-withdrawing effect of the sulfonate at Cβ. These results are also consistent with the 

substantially stronger inherent conformational preferences observed for cysteine sulfinate 

compared to the sulfonate. Notably, for both the sulfinate and the sulfonate, the anion-amide 

interaction was stronger than the anion-water interaction (by 0.7–0.8 kcal mol–1). In contrast, 

water-water and water-amide hydrogen bonds are similar in strength (–4.0 kcal mol–1) at this 

level of theory. These results suggest that sulfinate-amide and sulfonate-amide interactions 

should be observed preferentially compared to interactions with water, consistent with the very 

high frequency of side chain-main chain hydrogen bonds observed for these PTMs in the PDB 

(Figure 17). 

 In addition, we examined the binding of methyl sulfinate and methyl sulfonate to the 

oxophilic metal Mg2+. These calculations revealed substantially stronger metal binding for the 

sulfinate compared to the sulfonate (Figure 19d). We previously designed terbium-binding 

peptides that are specific sensors of the cysteine sulfinate oxoform Cys-SO2
– over the Cys-

SH/Cys-S–, Cys-SNO, Cys-SSGlutathione, and Cys-SO3
– oxoforms, with exceptional specificity 

for binding the sulfinate over the sulfonate.45 These calculations confirm the significantly greater 
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affinity of the sulfinate for certain oxophilic metals compared to the sulfonate, again likely due to 

differences in oxygen charge density. 

 Finally, we computationally examined the conformational preferences of Cys-SO3
– within 

the context of a proline-rich peptide and within an α-helical peptide, in order to provide further 

insights into the experimental data. Within an Ac-PP-CysSO3
–-PP-NMe2 context, we found that 

the g– or g+ rotamers were preferred for PPII, with the PPII conformation in each stabilized by a 

sulfonate-amide side chain-main chain hydrogen bond (Figure 20). These structures differed 

substantially in the main chain torsion angles both at Cys-SO3
– and at the subsequent proline, 

with the lower-energy g– rotamer promoting a more compact conformation at Cys-SO3
– and a 

more canonical PPII conformation at Pro4. In contrast, in the t rotamer, a steric clash between 

the sulfonate and proline caused more distorted PPII conformations at both residues, as well as a 

non-ideal χ1 torsion angle (–151˚ observed, versus ±180˚ canonical). These results are consistent 

with the modest PPII propensity of Cys-SO3
–, with the generally favored t χ1 rotamer (Figure 14, 

Table 8) being unfavorable for PPII. 

 We also computationally examined the conformational preferences of Cys-SH, Cys-S–, 

Cys-SO2
–, and Cys-SO3

– in a model α-helical peptide context (Figure 21). Cysteine in the thiol 

form exhibited modest rotamer preferences, due to the absence of favorable side chain-main 

chain hydrogen bonds, consistent with prior bioinformatics data.85,86 In contrast, in the g– and g+ 

rotamers, the Cys thiolate Cys-S– exhibited both side chain-main chain hydrogen bonds and a 

large reduction in the overall dipole moment (due to the favorable interaction of the anion with 

the helix macrodipole)94, consistent with CD data showing significantly greater α-helicity in the 

thiolate ionization state. Similarly, the side chain-main chain hydrogen bond and large reduction 

in the overall dipole moment due to anion-helix macrodipole interactions were rotamer 
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dependent for both Cys-SO2
– and Cys-SO3

–, with the largest effects in the g– and g+ rotamers. The 

sulfinate exhibited closer hydrogen bonds than the sulfonate in both the g– and g+ rotamers. The t 

rotamer, which lacked a side chain-main chain hydrogen bond, was substantially higher in 

energy and had a significantly larger overall dipole moment. Collectively, these computational 

results indicate that both cysteine sulfonate and cysteine sulfinate can stabilize α-helices at their 

N-termini through a combination of favorable side chain-main chain hydrogen bonds to the 

normally solvent-exposed amide hydrogens at the N-terminus of an α-helix, and through 

favorable interactions of the anionic side chain with the large macrodipole inherent to α-helices. 

 

Discussion 

 Herein, we sought to examine how oxidation of cysteine to the sulfonic acid has the 

potential to change structure in proteins. In addition, we developed new methods for the 

oxoform-specific synthesis of peptides with cysteine sulfonate. 

 Synthesis of peptides with cysteine sulfonic acid. We developed a new method for the 

synthesis of peptides containing cysteine sulfonic acid. Using MeReO3 (MTO) with H2O2, 

peptides containing cysteine sulfonic acid were synthesized rapidly and with high conversion, 

with minimal amounts of side products that are in an intermediate oxidation state. This method 

was demonstrated to be highly effective both in solution phase and (using trityl-protected Cys) 

on protected peptides on the solid phase. The method was specifically compatible with tyrosine, 

although it is likely incompatible with methionine or unprotected tryptophan. Based on the 

observed clean oxidation of thioethers using MTO on solid phase, we also applied MTO/H2O2 to 

synthesize peptides containing cysteine sulfinic acid via oxidation on the solid phase, via 

oxidation of Mob-protected Cys to generate the sulfone and subsequent Mob deprotection under 
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strongly acidic conditions. The combination of these approaches allows the ready synthesis of 

peptides containing Cys in high yield in one specific cysteine oxoform, as either the sulfinic acid 

(using Mob-protected Cys) or the sulfonic acid (using trityl-protected Cys), with both approaches 

employing commercially available side chain-protected forms of Fmoc-cysteine. 

 Structural effects of cysteine oxidation to cysteine sulfonic acid. The conformational 

preferences of cysteine sulfonate were examined in solution, using model peptides to test PPII 

propagation, PPII initiation, and α-helicity. Cysteine in the neutral thiol form has low PPII and 

α-helix propensities in all model system contexts examined.56,62,69 The sulfonate exhibits only 

modestly greater propensity for PPII propagation than Cys, despite promoting a more compact φ. 

In contrast, cysteine sulfonate more effectively initiates PPII, potentially due to an intraresidue 

sulfonate-amide hydrogen bond promoting an interresidue n→π* interaction that favors PPII 

(Figure 18def, Figure 19). That same interaction would make the carbonyl of the prior residue a 

weaker acceptor for an n→π* interaction, and thus lead to lower PPII populations on residues 

prior to Cys-SO3
–. This dichotomy of effects of a sulfonate-amide hydrogen bond explains the 

difference in the PPII propagation versus PPII initiation propensities of cysteine sulfonate.  

 Oxidation of cysteine to the sulfonate increases α-helicity at the N-terminus of α-helices 

via two effects: hydrogen bonding of the sulfonate to amide hydrogen(s) that are otherwise not 

involved in stabilizing the α-helix (helix capping), and via a substantial reduction of the 

(energetically unfavorable) α-helix macrodipole. Both of these effects are rotamer-dependent, 

occurring via the g– or g+ rotamers, but not the t rotamer. 

 Bioinformatics analysis of cysteine sulfonate in the PDB, with comparison to Cys, 

indicated a modestly lower frequency of cysteine sulfonate in β/extended conformations, and a 

modestly higher frequency on the right side of the Ramachandran plot. Importantly, these effects 
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are likely due to a combination of (1) the inherent conformational preferences of cysteine 

sulfonate and (2) solvent accessibility, whereby residues in turns and loops are more solvent-

exposed than those in the interiors of proteins, and thus residues in loops and turns are more 

likely to be oxidized than those in (typically more buried) β-sheets. With this caveat, 

bioinformatics data indicate a change in the χ1 rotamer preferences for Cys-SO3
– compared to 

Cys, with a higher preference for the t rotamer and a lower preference for the g– rotamer for Cys-

SO3
–. The reduced preference for the g– rotamer is potentially due to steric effects, due to the 

sulfonate group being similar in size to a tert-butyl group (Figure 1d). 

 In contrast to neutral cysteine, cysteine sulfonate only has hydrogen-bond acceptor 

groups. The sulfonate was observed to engage with high frequency in hydrogen bonds with the 

amide of the same residue (via the g– or g+ rotamers) or with the amide of the subsequent residue 

(via the t rotamer). In addition, two of the sulfonate oxygens can simultaneously interact with 

both the intraresidue amide hydrogen and the following-residue amide hydrogen, which 

promotes an unusual conformation with (φ, ψ) ~ (–100˚, –130˚). This conformation was termed 

the cluster I conformation by Balaram and by Chakrabarti in analyses of structures in the 

"disallowed" regions of the Ramachandran plot.92,93 A similar dual-hydrogen bonded structure 

was previously observed for cysteine sulfinate.36 The ability of these cysteine oxoforms to 

engage in dual hydrogen bonds with both the i and i+1 residue amides is dependent both on the 

presence of multiple oxygens and on the long S–O bond lengths.  

 Overall, side chain interactions of cysteine sulfonate were weaker (e.g. as observed in 

longer hydrogen bond lengths) than those of cysteine sulfinate, presumably primarily due to the 

lower charge density on the oxygens in the sulfonate. However, Cys-SO3
– has an entropic 

advantage in interactions compared to Cys-SO2
–. In the sulfinate, due to the presence of one lone 
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pair plus two diastereotopic oxygens on the sulfur, there are three low-energy conformations 

about the χ2 torsion angle. In contrast, in the sulfonate, the three oxygens are equivalent, and as 

such the energy minima via rotation at χ2 are degenerate. This entropic advantage of the 

sulfonate likely partially counteracts the enthalpic advantage of the sulfinate in hydrogen 

bonding, explaining the similarities of their conformational preferences in model peptides despite 

the weaker backbone interactions for the sulfonate, as well as the very high frequency of local 

sulfonate-amide hydrogen bonds. 

 Cysteine oxidation to the sulfonate form introduces three oxygens that are Lewis basic 

and capable of serving as hydrogen bond acceptors, generating substantially greater steric bulk 

and, at physiological pH, a fixed overall negative charge. As neutral cysteine is a relatively 

nonpolar amino acid, these modifications have the potential to dramatically impact local 

interactions and structure at an oxidized cysteine. The work herein provides a context for 

understanding structural and functional changes of oxidation of cysteine to cysteine sulfonic acid 

within proteins. 

 

Methods 

 Peptide synthesis. Standard peptide synthesis, purification, and characterization are 

described in the Supporting Information.  

 Cysteine oxidation to cysteine sulfonic acid within peptides. Cysteine was oxidized to 

the sulfonic acid oxoform by two methods. Solution-phase oxidation. The solution-phase 

synthesis of peptides containing cysteine sulfonic acid was achieved by oxidation of a purified 

peptide containing Cys using 1 M H2O2 and 1.2 mM methyltrioxorhenium (MTO) in CH3CN. 

The excess H2O2 was quenched with dithiothreitol (DTT) and the reaction mixture was filtered 
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and purified via analytical HPLC. Additional details are in the Supporting Information. Solid-

phase oxidation. Peptides containing trityl-protected cysteine were synthesized via solid-phase 

peptide synthesis. The trityl group was selectively removed using 1% TFA with 5% 

triisopropylsilane (TIS) in CH2Cl2. The resin was washed and subjected to oxidation with 0.3 M 

H2O2 and 0.4 mM methyltrioxorhenium (MTO) in CH3CN:CH2Cl2 1:1 on the solid phase to 

produce the peptides containing cysteine sulfonic acid. The peptides were subjected to cleavage 

from the resin and deprotection using 95% TFA/5% TIS, then purified via analytical HPLC. The 

obtained peptides were analyzed and confirmed via ESI mass spectrometry and NMR 

spectroscopy. Additional details are in the Supporting Information. 

 Solid-phase cysteine oxidation to cysteine sulfinic acid. Peptides were synthesized on 

Rink amide resin by incorporating Fmoc-Cys(Mob)-OH at site to be oxidized. After the synthesis 

of the unmodified peptide was completed, the resin was washed with CH2Cl2 and DMF. A 

mixture of 0.3 M H2O2 and 0.4 mM methyltrioxorhenium (MTO) in CH3CN:CH2Cl2 1:1 was 

added. The reaction was allowed to proceed for 2 hours, then the resin was washed with DMF 

and CH2Cl2, then dried with ether. The peptides were then subjected to cleavage from the resin 

and protecting groups other than Mob were removed using 95% TFA/5% TIS. The peptides were 

purified using HPLC, lyophilized overnight, and the Mob group deprotection was effected using 

50% TfOH/45% TFA/5% H2O. The resultant peptides containing cysteine sulfinic acid were 

purified via HPLC. Additional details are in the Supporting Information. 

 Circular dichroism. CD experiments were performed on a Jasco spectropolarimeter 

using a 1 mm cell, at 0.5 ˚C or 25 ˚C and peptide concentrations of 50-150 μM in 5 mM 

phosphate buffer (at pH 4.0, 7.0, or 8.5) containing 25 mM KF. The data are the average of at 

least three independent trials, with data collected every nm, an averaging time of 8 s and at least 
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three accumulations. Peptide concentrations were determined by UV-Vis spectroscopy. Data are 

background corrected but are not smoothed. Additional details are in the Supporting Information. 

 NMR spectroscopy. NMR spectra of the peptides were recorded at the temperatures 

indicated on a Brüker 400 or 600 MHz NMR spectrometer using a triple-resonance cryoprobe or 

a TXI probe. The peptides were allowed to dissolve in 5 mM phosphate buffer (pH 4 or as 

indicated) with 25 mM NaCl and 100 µM TSP in 90% H2O/10% D2O, and the pH was adjusted 

as needed. 1-D NMR spectra were obtained using an excitation sculpting pulse sequence. 

TOCSY NMR spectra were collected using an excitation sculpting TOCSY pulse sequence, with 

sweep widths of 12.25 ppm in t1 and t2, 512 × 1024 complex data points, 8 scans per t1 

increment, a relaxation delay of 1.7 s, and a TOCSY mixing time of 80 ms. All resonances were 

calibrated with respect to TSP, which was referenced at 0.00 ppm. The data were processed in 

MestReNova and Sparky. Additional details are in the Supporting Information. 

 Bioinformatics. On April 11, 2022, a search of the Protein Data Bank (PDB) was 

conducted for structures containing cysteine sulfonic acid (chemical ID OCS), cysteine sulfinic 

acid (chemical ID CSD), and non-disulfide and unmodified cysteine (chemical ID CYS) residues 

within a protein polymer. A total of 282, 487, and 1,038,729 structures were found, respectively, 

and were filtered using the advanced filter option on the RCSB website. These structures were 

filtered based on resolution with a threshold of 3.0 Å for OCS and CSD and 1.1 Å for CYS. 

These structures were also filtered based on sequence identity, with a threshold of 90% for OCS, 

90% for CSD, and 30% for CYS. Only unique chains from these structures were included in the 

data set. After the filtration process, 141, 216, and 431 PDB structures were obtained, containing 

146, 226, and 1460 OCS, CSD, and CYS residues, respectively. Perl scripts were written and 

applied to extract or calculate relevant information including residue number and identity, 
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interatomic angles, and distances. Additional details are in the Supporting Information. 

 Computational chemistry. All calculations were conducted with Gaussian 09.95 

Geometry optimization calculations on Ac-CysSO3
–-NHMe were conducted via iterative 

optimization methods, with the final geometry optimization calculations conducted using the 

M06-2X DFT functional and the 6-311++G(2d,2p) basis set in implicit water (IEFPCM 

method).89,90,96 All final geometry-optimized structures were subjected to frequency calculations 

using the same functional and basis set, which indicated zero negative (imaginary) frequencies. 

The electronic energies of these structures were then determined using the MP2 method with the 

6-311++G(2d,2p) basis set in implicit water (IEFPCM).91  

 Small-molecule structures of methyl sulfonate and methyl sulfinate, either free or bound 

to H2O, to methyl acetamide (AcNHMe), or to Mg2+, were generated via iterative geometry 

optimization methods, with the final optimizations conducted using the M06-2X DFT functional 

and the aug-cc-pVTZ basis set in implicit water (IEFPCM).97 All final geometry-optimized 

structures were then subjected to frequency calculations, which indicated zero negative 

(imaginary) frequencies. Interaction energies of these complexes were determined via 

component energy analysis, in which the interaction energy was determined by subtracting the 

energies of the individual geometry-optimized molecules from the energy of the complex, with 

all energy calculations conducted using the MP2 method and the aug-cc-pVQZ basis set in 

implicit water (IEFPCM). This large basis set was employed in order to minimize error due to 

basis set superposition error (BSSE).98,99 Vacuum-based counterpoise calculations indicated that 

the BSSE was less than 10% of the total (aqueous) interaction energy for all complexes. 

 Geometry-optimized structures of Ac-PP-CysSO3
–-PP-NMe2, as a function of cysteine 

sulfonate χ1 side-chain rotamer, in the PPII conformation at all residues and with the exo ring 
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pucker at all proline residues, were generated via iterative geometry optimization. The final 

geometry optimization calculations were conducted with the M06-2X DFT functional and the 6-

31+G(d,p) basis set in implicit water (IEFPCM).  

 Geometry-optimized structures of Ac-Ala-CysX-Ala9-NHMe, as a function of cysteine χ1 

side-chain rotamer and cysteine ionization and oxidation state, in the α-helix conformation at all 

residues, were generated via iterative geometry optimization from an initial Ac-Ala11-NHMe 

model. All final models were generated using the M11-L DFT functional100 and the Def2SVP 

basis set101 in implicit water (IEFPCM model).    

 Coordinates of all geometry-optimized structures are in the Supporting Information. 
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Figures 

 
Figure 1. Major oxidative post-translational modifications of protein cysteine residues.  (a) 
Oxidation and ionization states of cysteine that can be generated as a result of exposure to 
reactive oxygen species (ROS), including disulfide (Cys-S-S-Cys), thiol (Cys-SH)/thiolate (Cys-
S–), sulfenic acid (Cys-SOH)/sulfenate (Cys-SO–), sulfinic acid (Cys-SO2H)/sulfinate (Cys-SO2

–), 
and sulfonic acid (Cys-SO3H)/sulfonate (Cys-SO3

–). RN and RC represent the N-terminal and C-
terminal residues, respectively, to the cysteine. (b) The forms of cysteine, cysteine sulfinate, and 
cysteine sulfonate that predominate in proteins and peptides at physiological pH, showing the 
charges and lone pairs. (c) C–S and S–O bond lengths in cysteine, cysteine sulfinate, and 
cysteine sulfonate. (d) Minimal models of the cysteine oxoforms Ac-Cys(SH)-NHMe, Ac-
Cys(SO2

–)-NHMe, Ac-Cys(SO3
–)-NHMe, and  the sterically similar Ac-Npg-NHMe (Npg = 

neopentylglycine), providing a visual representation of the structural variations that occur in 
cysteine residues as a result of oxidation. The structures in (c) and (d) were generated based on 
restrained geometry optimization, with the φ and ψ angles fixed at –135º and +135º, respectively, 
using the M06-2X DFT functional and the aug-cc-pVTZ basis set in implicit H2O. Restrained 
geometry optimization with this β conformation was employed to avoid changes in the 
geometries due to differences in side chain-main chain hydrogen bonding.  
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Figure 2. Methods to synthesize the sulfonic acid group in peptides containing cysteine and 
in other sulfur-containing compounds. (a) Oxidation of cysteine in a peptide using H2O2 or 
HOCl. (b) Oxidation of cysteine thiol to cysteine sulfonic acid using performic acid (synthesized 
in situ via 30% H2O2:HCOOH 1:19).40-42 (c) Oxidation of cysteine sulfinic acid to the sulfonic 
acid with H2O2 catalyzed by TbCl3. This approach, while compatible with Trp, requires the prior 
synthesis of the peptide with cysteine sulfinic acid, and likely also is dependent on the terbium-
binding properties of the peptide oxidized.45 (d) Conversion of cysteine thiol in a peptide to 
cysteine sulfonic acid, using H2O2 and FeSO4.46,102 (e) Conversion of Cys(SH) to Cys(SO3H) 
using Fe3O4 magnetic nanoparticles (MNPs)/H2O2 in CH3CN or EtOH.47 (f) Oxidation of Ac-
Cys(SH)-OMe to Ac-Cys(SO3H)-OMe using oxone/NaHCO3 or KBrO3.48 (g) Conversion of 
thiols to sulfonic acids using H2O2 and MeReO3 (MTO). This method efficiently converts alkyl 
or aryl thiols or disulfides to the corresponding sulfonic acids at room temperature with high 
yields and short reaction times.51,52 (h) The conversion of 4-mercaptophenylalanine or its 
disulfide in a peptide to sulfonic acid using H2O2 and MeReO3.53  
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Figure 3. Solution-phase oxidation of a polyproline II helix model peptide with 
MeReO3/H2O2. (a) HPLC chromatogram of a purified polyproline II helix propagation model 
peptide (Ac-GPPCPPGY-NH2), prior to oxidation. (b) Crude HPLC chromatogram of the 
oxidation reaction mixture after 30 minutes, from a solution of ~500 µM peptide, 1 M H2O2, 1.2 
mM MeReO3 in CH3CN, and ~0.1 M dithiothreitol (DTT). HPLC analysis was conducted using 
an analytical C18 column with a linear gradient of 0–25% buffer B (20% H2O, 80% CH3CN, and 
0.05% TFA) in buffer A (98% H2O, 2% CH3CN, and 0.06% TFA) over 60 minutes. Peak 
broadening has previously been observed for peptides in the Ac-GPPXPPGY-NH2 context, 
including in some peptides the presence of multiple peaks of the same molecular weight that are 
in equilibrium, apparently due to proline cis-trans isomerization at the four X-Pro amide 
bonds.44,56,58,59  
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Figure 4. Solution-state oxidation of an α-helical model peptide with MeReO3/H2O2. (a) 
HPLC chromatogram of the purified α-helical model peptide (Ac-ACAAAAKAAAAKAAGY-
NH2) prior to oxidation. (b) Crude HPLC chromatogram of ~50 µM peptide after being oxidized 
with 1 M H2O2 catalyzed by 1.2 mM MeReO3 in CH3CN at room temperature for 30 minutes, 
followed by quenching the reaction with 0.1 M dithiothreitol (DTT). HPLC analysis was 
conducted using an analytical C18 column with a linear gradient of 0–35% buffer B in buffer A 
over 60 minutes. 
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Figure 5. Solid-phase oxidation of peptide with MeReO3/H2O2. (a) Crude HPLC 
chromatogram of the PPII initiation model peptide (Ac-CPPGY-NH2) before oxidation, after 
cleavage from resin and deprotection. (b) Crude HPLC chromatogram of the peptide after 
oxidation on resin with 0.3 M H2O2 catalyzed by 0.4 mM MeReO3 in CH3CN:CH2Cl2 1:1 for 2 
hours at room temperature, followed by cleavage from resin and deprotection using 95% 
TFA/5% TIS for 2 hours at room temperature. HPLC analysis was conducted using an analytical 
C18 column with a linear gradient of 0–20% buffer B in buffer A over 60 minutes. 
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Figure 6. Oxidation of an α-helical model peptide with MeReO3/H2O2 on solid phase. (a) 
Crude HPLC chromatogram of the α-helical model peptide Ac-ACAAAAKAAAAKAAGY-
NH2 prior to oxidation, after cleavage from resin and deprotection. (b) Crude HPLC 
chromatogram of the peptide after solid-phase oxidation with 0.3 M H2O2 catalyzed by 0.4 mM 
MeReO3 in CH3CN:CH2Cl2 1:1 for 2 hours at room temperature, followed by cleavage from resin 
and deprotection with 95% TFA/5% TIS for 2 hours at room temperature. The oxidation reaction 
was preceded by selective removal of the trityl group on cysteine using 1% TFA/5% TIS in 
CH2Cl2. HPLC analysis was conducted using an analytical C18 column with a linear gradient of 
0–35% buffer B in buffer A over 60 minutes. 
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Figure 7. Oxidation of Mob-protected cysteine in a peptide with MeReO3/H2O2 on solid 
phase to generate the peptide with cysteine sulfinic acid. (a) Crude HPLC chromatogram of 
the peptide after solid-phase oxidation with 0.3 M H2O2 catalyzed by 0.4 mM MeReO3 in 
CH3CN:CH2Cl2 1:1 for 2 hours at room temperature, followed by cleavage from resin and 
deprotection of the tert-butyl (tBu) protecting group on tyrosine using 95% TFA/5% TIS for 2 
hours at room temperature. (b) Crude HPLC chromatogram of the purified peptide from (a) after 
deprotection of the 4-methoxybenzyl (Mob) group with 50% TfOH/45% TFA/5% H2O for 10 
minutes at room temperature. HPLC analysis was conducted using an analytical C18 column, in 
(a) with a linear gradient of 0–25% buffer B in buffer A over 60 minutes, or in (b) with a linear 
gradient of 0–20% buffer B in buffer A over 60 minutes. 
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Figure 8. CD spectra of peptides with cysteine oxoforms in a model peptide of polyproline 
II helix (PPII) propagation. CD spectra of the peptides Ac-GPPXPPGY-NH2, X = Cys-SO3

– pH 
7 (green squares), Cys-SO2

– pH 7 (red diamonds), Cys-SH pH 4 (cyan inverted triangles), Cys-S– 
pH 8.5 (blue triangles), and Pro pH 7 (black circles). Spectra were acquired at the indicated pH 
in 5 mM phosphate buffer with 25 mM KF at 25 ºC. To prevent cysteine oxidation during the 
experiment, spectra of peptides with unmodified cysteine were obtained in solutions with 0.1 
mM TCEP. The data are the average of at least three independent trials, with error bars 
indicating standard error. The PPII helicity of the peptide is indicated by the magnitude of the 
local maximum (positive band) around 228 nm, with a larger (more positive) magnitude 
indicating a greater PPII population.  
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Figure 9. CD spectra of peptides with cysteine oxoforms in a model peptide of polyproline 
II helix (PPII) initiation. CD spectra of the peptides Ac-XPPGY-NH2, where X = Cys-SO3

– at 
pH 7 (green squares), Cys-SO2

– at pH 7 (red diamonds), Cys-SH at pH 4 (cyan inverted 
triangles), Cys-S– at pH 8.5 (blue triangles), and Ala at pH 7 (black circles). The spectra of the 
peptides were obtained in a 5 mM phosphate buffer at the indicated pH containing 25 mM KF at 
25 ºC. The spectra of peptides with unmodified cysteine were obtained using a solution with 0.1 
mM TCEP. The data are the average of at least three independent trials, with error bars 
representing standard error. 
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Figure 10. CD spectra of peptides with cysteine oxoforms in an α-helical model peptide. CD 
spectra of the peptides Ac-AXAAAAKAAAAKAAGY-NH2, X = Cys-SO3

– pH 7 (green 
squares), Cys-SO2

– pH 7 (red diamonds), Cys-SH pH 4 (blue triangles), Cys-S– pH 8.5 (cyan 
inverted triangles), and Ala pH 4 (black circles). The spectra were acquired in 5 mM phosphate 
buffer at the indicated pH with 25 mM KF at 0.5 ºC. The spectra of peptides with unmodified 
cysteine were acquired with 0.1 mM TCEP in the solution. The data are the average of at least 
three independent trials, with error bars representing standard error. 
  



 38 

 
Figure 11. Amide regions of the 1H NMR spectra of peptides containing cysteine sulfonate, 
cysteine sulfinate, and cysteine thiol. 1H NMR spectra of the peptides (a) Ac-GPPXPPGY-
NH2, (b) Ac-XPPGY-NH2, and (c) Ac-AXAAAAKAAAAKAAGY-NH2 with the cysteine 
oxoforms X= Cys-SH (blue, top within each panel), Cys-SO2

– (red, middle of each panel), and 
Cys-SO3

– (green, bottom of each panel) for each of these peptides. NMR data were collected at 
pH 4 in 5 mM phosphate buffer with 25 mM NaCl and 90% H2O/10% D2O at (a, b) 300 K or (c) 
274 K. Resonance assignments of cysteine oxoforms versus other resonances were determined 
via analysis of the fingerprint region of TOCSY spectra using standard approaches. See Figures 
S17-S31 for full details. Superpositions of the fingerprint regions of the TOCSY spectra in each 
sequence context, with annotation of the Cys oxoform resonances, are in Figure S21 (Ac-
GPPXPPGY-NH2), Figure S26 (Ac-XPPGY-NH2), and Figure S31 (Ac-
AXAAAAKAAAAKAAGY-NH2). 
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Figure 12. HN-Hβ region of the TOCSY spectra of peptides containing cysteine sulfonate, 
cysteine sulfinate, and cysteine thiol. TOCSY NMR spectra of the peptides (a) Ac-
GPPXPPGY-NH2, (b) Ac-XPPGY-NH2, and (c) Ac-AXAAAAKAAAAKAAGY-NH2, with X= 
Cys-SH (blue), Cys-SO2

– (red), and Cys-SO3
– (green) in these peptides. Data were collected at 

pH 4 in 5 mM phosphate buffer with 25 mM NaCl and 90% H2O/10% D2O at temperatures of (a 
and b) 300 K or (c) 274 K. Full spectra are in the Supporting Information.  
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Figure 13. Ramachandran plots of cysteine, cysteine sulfinic acid, and cysteine sulfonic acid 
residues in the PDB. (a) Ramachandran plots of cysteine sulfonic acid (green), cysteine sulfinic 
acid (red), and cysteine (blue) residues in the PDB. (b) Ramachandran plot of cysteine sulfonic 
acid residues. Summaries of these data are in Table 7. Individual Ramachandran plots for 
cysteine and cysteine sulfinic acid are in the Supporting Information. The Roman numerals in (b) 
represent unique structures, which are shown in Figure S33 in the Supporting Information. 
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Figure 14. Histograms of the φ , ψ , and χ1 dihedral angles in cysteine sulfonic acid, cysteine 
sulfinic acid, and cysteine residues in the PDB. The distribution of the dihedral angles φ, ψ, 
and χ1 in three oxoforms of cysteine: (a, b, c) cysteine sulfonic acid (Cys-SO3

–), (d, e, f) cysteine 
sulfinic acid (Cys-SO2

–), and (g, h, i) cysteine (Cys-SH). The histograms represent the dihedral 
angles in bins of 10º.  
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Figure 15. Representative structures of cysteine sulfonic acid in the PDB. The sulfonate side 
chain of cysteine sulfonic acid can be accommodated in various conformations in Ramachandran 
space, depending on its interactions with the protein backbone and nearby residues. (a) Cys-SO3

– 
(OCS50, pdb 2cv4) is located at the second residue of an α-helix and forms a hydrogen bond 
between one of the sulfonate oxygens and the amide NH of the same residue. (b) Cys-SO3

– 
(OCS49, pdb 5ovq) forms hydrogen bonds involving all three sulfonate oxygens, with the amide 
NH of the same residue, the amide of the residue 6 amino acids prior to Cys-SO3 (i–6 residue), 
and the arginine side chain of a neighboring residue. (c) Cys-SO3

– (OCS238, pdb 3h41) is the 
first residue of an α-helix, with two hydrogen bonds that function as an α-helical N-cap and thus 
promote the nucleation of the α-helix. One sulfonate oxygen interacts with the amide NH of the 
same residue, forming an O•••H-Ni hydrogen bond, and another sulfonate oxygen interacts with 
the amide NH of the following residue, forming an O•••H-Ni+1 hydrogen bond. (d) Cys-SO3

– 
(OCS45, pdb 4oh1) is near the N-terminus of an α-helix and engages in two hydrogen bonds. 
The amide NH of the i+1 residue interacts with two sulfonate oxygens, forming two O•••H-Ni+1 
hydrogen bonds. (e) Cys-SO3

– (OCS219, pdb 4oh1) is in a loop and does not engage in backbone 
hydrogen bonds, but one of the sulfonate oxygens forms a hydrogen bond with the lysine side 
chain of the following residue. (f) Cys-SO3

– (OCS305, pdb 5yj2) is near the middle of a β-sheet 
and engages in a hydrogen bond between one of the sulfonate oxygens and the amide NH of the 
same residue. 
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Figure 16. Cysteine sulfonic acid in γ-turns in the PDB. (a–e) Inverse γ-turns and (f) classical 
γ-turns. In these structures, cysteine sulfonate is the i+1 residue of a γ-turn, where the carbonyl of 
the i residue forms a hydrogen bond with the backbone amide hydrogen of the i+2 residue. 
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Figure 17. Side chain-main chain interaction distances of cysteine sulfonic acid in the PDB. 
(a) Histogram of the minimum distance between any sulfonate oxygen and the amide nitrogen of 
the same residue (SOi•••Ni distance, d). In 58% of Cys-SO3

– residues, the O•••NHi distances are 
less than 3.3 Å, consistent with a sulfonate•••amide hydrogen bond. (b) Histogram of the 
minimum distance between any sulfonate oxygen and the amide nitrogen of the subsequent 
residue (SOi•••Ni+1 distance, d). In 40% of residues, the SOi•••Ni+1 distances are less than 3.3 Å. 
Overall, 81% of Cys-SO3

– residues have at least one sulfonate oxygen that is in hydrogen-
bonding distance with any of the NHi and/or NHi+i amides, with 41% of Cys-SO3

– interacting 
only with the intraresidue (i) amide, 23% of Cys-SO3

– interacting only with the subsequent-
residue (i+1) amide, and with 16% of Cys-SO3

– residues interacting with both the i and i+1 
amides. (c) Histogram of the minimum distance between any sulfonate oxygen and the carbonyl 
carbon of the same residue (SOi•••C=Oi distance, d). In 38% of residues, the SOi•••C=Oi 
distances are ≤ 3.22 Å, the sum of the van der Waals radii of carbon and oxygen. (d) Histogram 
of the minimum distance between the carbonyl oxygen of the previous residue and amide 
nitrogen of the subsequent residue (C=Oi–1•••Ni+1 distances, d). The carbonyl oxygen of the 
previous residue was within 3.3 Å of the subsequent-residue amide nitrogen in 25% of structures 
in whic Cys-SO3

– was the center residue, consistent with a γ-turn hydrogen bonding pattern.  
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Figure 18. Computational analysis of the conformational preferences in Ac-Cys(SO3

–)-
NHMe model as a function of region of Ramachandran space and χ 1 torsion angle. 
Structures and relative energies were obtained as a function of main chain and side chain 
conformation, via geometry optimization using DFT methods. The relative energy in kcal mol-1 
is indicated for each conformation, compared to the global energy minimum, defined as Erel = 0.0 
kcal mol–1. The distances in Å between atoms are color-coded to indicate the type of interactions, 
including a hydrogen bond between a sulfonate oxygen and the amide nitrogen of the same 
residue (SOi•••HNi, blue), a hydrogen bond between a sulfonate oxygen and the amide nitrogen 
of the next residue (SOi•••HNi+1, red), an n→π* interaction between a sulfonate oxygen and the 
carbonyl carbon of the same residue (SOi•••COi, green), and a hydrogen bond between the 
carbonyl oxygen of the previous residue and the amide nitrogen of the next residue (COi-

1•••HNi+1, purple). Energies do not account for changes in hydrogen bonding to solvent, and thus 
structures with intramolecular hydrogen bonding inherently appear to have lower energies. 
Coordinates for these conformations are in the Supporting Information. The calculations were 
conducted using the M06-2X DFT functional and the 6-311++G(2d,2p) basis set in implicit H2O 
(IEFPCM). 
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Figure 19. Computational analysis of interactions of methyl sulfonate and methyl sulfinate 
with an amide, water, and a magnesium ion. Calculated O•••H hydrogen bond distances and 
O•••Mg2+ distances from geometry-optimized structures are indicated. The interaction energies 
(Eint, kcal mol–1) of complex formation (complex Eint) were calculated by subtracting the energies 
of each individually optimized component from the energy of the complex. (a) The geometry-
optimized complexes of MeSO3

– and MeSO2
– with AcNHMe. (b) The geometry-optimized 

complexes of MeSO3
–and MeSO2

– with H2O. (c) The calculated CM5 charges on Cβ, S, and O 
atoms of Ac-Cys-SO3

–-NHMe and Ac-Cys-SO2
–-NHMe. (d) The geometry-optimized complexes 

of MeSO3
– and MeSO2

– with Mg2+. The geometry optimization calculations were conducted 
using the M06-2X method with the aug-cc-pVTZ basis set in implicit H2O (IEFPCM); all 
coordinated are in the Supporting Information. The energy calculations were conducted on these 
optimized structures using the MP2 method and the aug-cc-pVQZ basis set in implicit H2O
(IEFPCM).   
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Figure 20. Computational analysis of a PPII helix model peptide (Ac-ProPro-CysSO3
–-

ProPro-NMe2) as a function of cysteine sulfonate χχ1 side-chain rotamer. Three minimal 
models of the peptide in a PPII conformation, with all proline residues with an exo ring pucker 
and trans amide conformation, and with the CysSO3

– side-chain in g–, g+ and t rotamers, were 
generated via geometry optimization using the M06-2X method and the 6-31+G(d, p) basis set in 
implicit H2O (IEFPCM). The relative energies of the peptides (Erel kcal mol–1) were calculated by 
subtracting the energy of each structure from the energy of the structure with the lowest energy
(cysteine sulfonate with χ1 g

– rotamer).  
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Figure 21.  Computational analysis of the structures of cysteine, cysteine sulfinate, and 
cysteine sulfonate in an α-helical peptide model as a function of Cys χ1 rotamer. The 
geometry optimization calculations were conducted on minimal α-helical models, Ac-Ala-X-
Ala9-NHMe, where X represents the different oxoforms of cysteine (Cys-SH, Cys-S–, Cys-SO2

–, 
and Cys-SO3

–). The calculations were performed using the M11-L DFT functional and the 
Def2SVP basis set in implicit H2O (IEFPCM). The relative energies of the peptides (Erel, kcal 
mol–1) were calculated by subtracting the energy of each structure from the energy of the 
structure with the lowest energy (χ1 g+ rotamer). The calculated dipole moment (D, Debye) for 
each structure is indicated. The φ and ψ torsion angles of the cysteine oxoforms of the respective 
structures are indicated. Observed SOi•••HNi, SOi•••HNi+1, Si•••HNi, and Si•••HNi+1 hydrogen 
bond distances (Å) are indicated.  
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Tables 
 

Ac-GPPXPPGY-NH2 
X= 

[θ]228, 
deg cm2 dmol–1 

 
λmax, 
nm 

[θ] at λmax, 
deg cm2 dmol–1 

Pro 3000  230 3070 

Cys-SH –680  232 –240 
Cys-S– –530  233 –260 
Cys-SO2

– 340  231 1290 
Cys-SO3

– 310  230 340 
 
Table 1.  Summary of circular dichroism data for the polyproline II helix propagation 
model peptide Ac-GPPXPPGY-NH2. CD data for peptides with X= Cys-SO3

– were recorded on 
solutions at pH 7 in 5 mM phosphate buffer with 25 mM KF at 25 ºC. For other peptides, data 
were collected at pH 4 in 5 mM phosphate buffer with 25 mM KF at 25 ºC. Polyproline II helix 
(PPII) population is indicated by the magnitude of the local maximum magnitude near 228 nm. 
The data with standard errors are in Table S6. 
 
 

Ac-GPPXPPGY-NH2 
X= 

3JαN, Hz δ ,  HN, ppm δ ,  Hα, ppm δ ,  Hβ, ppm 

Cys-SH 7.2 8.40 4.73 2.85, 2.80 
Cys-SO2

– 6.3 8.59 4.78 2.72, 2.45 
Cys-SO3

– 6.0 8.31 4.88 3.18 
 
Table 2. Summary of 1H NMR data in Ac-GPPXPPGY-NH2 peptides with X = Cys-SH, 
Cys-SO2

–, and Cys-SO3
–. 1H NMR data were recorded on solutions at pH 4 in 5 mM phosphate 

buffer with 25 mM NaCl and 10% D2O at 300 K. 3JαN is the vicinal coupling constant between 
the amide (HN) and alpha (Hα) hydrogens of the same residue. 3JαN was not determined for Cys-S– 
due to rapid amide proton exchange at pH 8. 
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Ac-XPPGY-NH2 
X= 

[θ]228, 
deg cm2 dmol–1 

 
λmax, 
nm 

[θ] at λmax, 
deg cm2 dmol–1 

Ala 3180  227 3260 

Cys-SH 1120  230 1190 
Cys-S– 2400  226 2540 
Cys-SO2

– 2690  232 2980 
Cys-SO3

– 2340  227 2380 
 
Table 3.  Summary of circular dichroism data for the polyproline II helix initiation model 
peptide Ac-XPPGY-NH2. CD data were recorded on solutions at pH 7 in 5 mM phosphate 
buffer with 25 mM KF at 25 ºC. The data with standard errors are shown in Table S7. 
 
 

Ac-XPPGY-NH2 
X= 

X, 
 3JαN, Hz 

δ ,  HN, ppm δ ,  Hα, ppm δ ,  Hβ, ppm 

Ala 6.0 8.18 4.52 1.28 
Cys-SH 7.1 8.31 4.76 2.90, 2.82 
Cys-SO2

– 6.6 8.51 4.83 2.73, 2.45 
Cys-SO3

– 6.7 8.37 4.96 3.19 
 
Table 4. Summary of 1H NMR data in Ac-XPPGY-NH2 peptides with X = Cys-SH, Cys-
SO2

–, and Cys-SO3
–. 1H NMR data were recorded on solutions at pH 4 in 5 mM phosphate 

buffer with 25 mM NaCl and 10% D2O at 300 K. 3JαN was not determined for Cys-S– due to rapid 
amide proton exchange at pH 8.  
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Ac-AXAAA 
AKAAAAK 
AAGY-NH2  
X= 

[θ]208, 
deg cm2 
dmol–1 

[θ]222, 
deg cm2 
dmol–1 

[θ]190, 
deg cm2 
dmol–1 

[θ]222/ 
[θ]208 

–[θ]190/ 
[θ]208 

% 
α-

helicity 

Lys –18800 –17800 31500 0.95 1.68 53 
Cys-SH –18600 –17300 28400 0.93 1.53 51 
Cys-S– –20600 –20200 38000 0.97 1.85 60 
Cys-SO2

– –24100 –24200 51600 1.00 2.01 72 
Cys-SO3

– –21200 –20800 38900 0.98 1.83 62 
 
Table 5. Summary of circular dichroism data for peptides with cysteine oxoforms in a 
model peptide of an α-helix. CD data for the peptides Ac-AXAAAAKAAAAKAAGY-NH2, X 
= Cys-SO3

– pH 7, Cys-SH pH 4, and Cys-S– pH 8.5 were collected in 5 mM phosphate buffer 
with 25 mM KF at 20 ºC and 0.5 ºC. The percent α-helicity was calculated as (100% × 
[θ]222)/(–40000 × (1–2.5/16)).62 The data with standard errors are in Table S8. 
 
 

Ac-AXAAA 
AKAAAAK 
AAGY-NH2 
X= 

X, 
 3JαN, Hz 

δ ,  HN, ppm δ ,  Hα, ppm δ ,  Hβ, ppm 

Cys-SH 5.4 8.71 4.41 2.98 
Cys-SO2

– -a 8.86 4.60 2.89, 2.66 
Cys-SO3

– 6.7 8.58 4.79 3.42 
 
Table 6. Summary of 1H NMR data in Ac-AXAAAAKAAAAKAAGY-NH2 peptides with X 
= Cys-SH, Cys-SO2

–, and Cys-SO3
–. NMR data were collected at pH 4 in 5 mM phosphate 

buffer with 25 mM NaCl at 274 K. a HN peaks were broadened for cysteine sulfinate, precluding 
the measurement of the 3JαN.  
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residue αR β   PPII PPIIR αL other 
total 

residues/ 
structures 

Cys-SO3
– 59 

40.4% 
48 

32.9% 
28 

19.2% 
5 

3.4% 
2 

1.4% 
4 

2.7% 146/141 

Cys-SO2
– 108 

47.8% 
66 

29.2% 
22 

9.7% 
15 

6.6% 
6 

2.7% 
9 

4.0% 226/216 

Cys 605 
41.4% 

564 
38.6% 

196 
13.4% 

6 
0.4% 

20 
1.4% 

69 
4.7% 1460/431 

 
Table 7. Summary of the observed conformations of cysteine sulfonic acid, cysteine sulfinic 
acid, and cysteine residues in the PDB. The regions of the Ramachandran plot for this analysis 
are defined as follows: α-helical (αR): (–110° ≤ φ ≤ –30°, –80° ≤ ψ ≤ +30°); β/extended: (–180º 
< φ < –90° and [ψ ≤ –120° or +180º > ψ ≥ +60°]); PPII: (–90º ≤ φ ≤ –40° and +100º ≤ ψ ≤ 
+180°); PPIIR: (+30° ≤ φ ≤ +90° and –180° ≤ ψ ≤ –90°); and αL: (+30° ≤ φ ≤ +110° and –30° ≤ ψ 
≤ +80°).  
 
 
 g– 

% 
t 
% 

g+ 
% 

Cys-SO3
– 38 38 24 

Cys-SO2
– 47 27 25 

Cys 48 30 22 
 
Table 8.  Distribution of χ1 of cysteine oxoforms in the PDB. Side-chain rotamers are defined 
based on the χ1 dihedral angle, with the g– rotamer defined as (–120º ≤ χ1º< 0º), the t rotamer 
defined as (+120º ≤ χ1º< –120º), and the g+ rotamer defined as (0º ≤ χ1º< +120º).  
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